Rationale: Lipids are a key component of atherogenesis. However, their physiological role on the progression of atherosclerosis including plaque vulnerability has not been clearly understood, because of the lack of appropriate tools for chemical assessment. Objective: We aimed to develop a label-free chemical imaging platform based on multiplex coherent anti-Stokes Raman scattering (CARS) for the correlative study of the morphology and chemical profile of atherosclerotic lipids. Methods and Results: Whole aortas from atherosclerotic apolipoprotein E knock-out mice were en face examined by multiplex CARS imaging and 4 distinctive morphologies of the lipids (intra/extracellular lipid droplets and needle-/plate-shaped lipid crystals) were classified. The chemical profiles of atherosclerotic lipids depending on morphologies were firstly identified from intact atheromatous tissue by multiplex CARS. We demonstrated that needle-/plate-shaped lipid crystals in advanced plaques had undergone a phase shift to the solid state with increased protein contents, implying that lipid modification had occurred beforehand. The validity of lipid-selective multiplex CARS imaging was supported by comparative results from oil red O staining and whole-mount immunohistochemistry. By spatial CARS analysis of atherosclerosis progression, we found greater accumulation of lipid crystals in both the lesser curvature of the aortic arch and the innominate artery. Furthermore, multiplex CARS measurement successfully demonstrated the effect of a drug, statin, on atherosclerotic lipids by showing the change of their chemical profiles. Conclusions: Multiplex CARS imaging directly provides intact morphologies of atherosclerotic lipids with correlative chemical information, thereby suggesting its potential applications in the investigation of lipidassociated disorders and the preclinical drug screening. (Circ Res. 2010;106:1332-1341.)
L ipids are an essential component in the pathogenesis of atherosclerosis. As atherosclerosis advances, lipids play an important role in determining plaque vulnerability. [1] [2] [3] Vulnerable plaques are characterized by distinct morphological features: thin fibrous caps and enlarged lipid cores. 4 -6 The latter is composed of free and modified cholesterols, phospholipids, triacylglycerol, and fatty acids. 7 Cholesterols, which comprise the main component of these lipid cores, can exist in a soft gruel-like phase and in various crystallized forms such as plates, needles, and sometimes helices. 8, 9 Recently, Virmani et al 6 reported that ruptured plaques contain greater amounts of cholesterol clefts or crystals in their necrotic cores than stable plaques, potentially indicating that these cholesterol clefts and crystals may be partly responsible for plaque vulnerability. However, little is known about the role of lipid crystals in the pathogenesis of atherosclerosis and plaque vulnerability, most likely because of the lack of currently available non-tissue-destructive imaging techniques and ex vivo chemical profiling tools.
Nonlinear spectroscopic imaging modalities have the potential to visualize cellular organelles and tissue architecture with molecular specificity. Coherent anti-Stokes Raman scattering (CARS) microcopy has recently emerged as the most viable means for 3D chemical imaging of tissues. 10 -12 It works by probing intrinsic molecular vibrations, which obviates the need to label target molecules and fix specimens. 13 CARS microscopy has been used in a full-scale biological study of lipid metabolism in a living organism after direct evidence of the undesirable bias associated with fluorescence labeling techniques was demonstrated. 14 Recently, a videorate CARS microscopy system has been developed for imaging skin tissue in vivo. 15, 16 Because of the nonlinear nature of the CARS process, rapid scanning of the tight focal spot over the specimen permitted real-time acquisition of vibrational contrast images with 3D submicron resolution, 14 which is not possible with conventional Raman microscopes.
CARS microscopy is particularly ideal for selective imaging of lipids because of the abundance of carbon-hydrogen (CH) bonds that exist in lipids as compared to the surrounding tissues. Lipids exhibit strong and distinct vibrational signatures in CARS spectra from 2700 to 3100 cm Ϫ1 . 15, 16 Because of these unique characteristics, CARS microscopy is a suitable tool for atherosclerosis which is one of lipid-related diseases. Le et al applied CARS to image lipid-laden cells in atheroma, 17 and the morphological components of arterial walls were imaged as well 18 by integrating other nonlinear optics such as second harmonic generation and 2-photon auto-fluorescence (TPAF) into CARS. However, detailed chemical analysis of lipid composition beyond mere vibrational histology is still limited in the currently available CARS imaging modalities.
In the present study, we developed a multiplex CARS imaging system to image atherosclerotic lipids and to concomitantly analyze their chemical profiles. This system was used to characterize 4 types of atherosclerotic lipids using en face microscopic imaging and to identify their distinct chemical compositions. To determine the applicability as a promising method of studying atherosclerotic lipids, the results obtained by CARS were compared to results obtained with oil red O staining, which is currently the most conventional histological method used to study these lipids. The structural cellular components of the plaques were validated by comparative whole-mount immunohistochemistry. We further investigated the effect of statins on increasing plaque stability by analyzing changes in the chemical compositions of lipid crystals that occurred after statin treatment using multiplex CARS, which could be used in the future as a novel preclinical drug screening methodology.
Methods
The expanded Methods section in the Online Data Supplement (available at http://circres.ahajournals.org) includes information about the following: animal procedures, the principles and experimental setup of multiplex CARS, morphometric validation (wholemount immunohistochemistry, cross-sectional and en face oil red O staining, and 3D image rendering), and statistical analysis.
Results

Four Distinct Morphologies of Atherosclerotic Lipids Imaged by CARS
We developed a multiplex CARS spectroscopic imaging system that could be readily switched between a lipidselective imaging mode for fast tissue examination and a wideband multiplex spectroscopic analyzing mode for detailed chemical profiling of points of interest. Previous approaches used Raman shift fixed around 2845 cm Ϫ1 to image only CH 2 symmetrical vibrational mode. 15, 16 However, in our study, the probing bandwidth was expanded to the range of 2650 to 3050 cm Ϫ1 to allow imaging of the entire CH vibrational region, because atherosclerotic lipids undergo biochemical modifications during the progression of atherosclerosis.
To determine whether CARS could be applied to the study of atherosclerotic lipids, we performed ex vivo CARS imaging of atherosclerotic aortas from ApoE Ϫ/Ϫ mice fed a high-fat diet for 16 weeks (nϭ9). Figure 1A shows the en face CARS images, which represent the typical features of atherosclerotic lipids. The bright yellow color identifies CH-rich regions of lipids. The typical microanatomical components of the lesions were visualized and subsequently categorized into 4 appearances: lipid-laden foam cells, extracellular lipid deposits, needle-shaped lipid crystals, and plateshaped lipid crystals.
Intact Volumetric Visualization of Atherosclerotic Plaques by En Face 3D CARS
To characterize individual atherosclerotic plaques, we performed en face 3D chemical imaging of mouse atherosclerotic plaques using multiplex CARS. After longitudinal incision of harvested whole aortas from atherosclerotic ApoE Ϫ/Ϫ mice (nϭ9), the lumen side of the lesser curvature of the aorta was serially imaged by CARS toward the deep intima. Figure 1B (Online Video I) shows the 3D reconstructed z-stack CARS images, representing the typical features of atherosclerotic plaques by lesion depth. In the superficial layers (5 to 10 m in depth from the lumen), foam cells containing intracellular lipid droplets were clearly imaged, whereas needle-/plate-shaped lipid crystals were observed usually in the deep intima region (Ն20 m in depth). These crystallized lipids had a structureconserved appearance.
Morphometric Validation by Whole-Mount Immunohistochemistry
To validate the lipid-selective CARS images, particularly for lipid-laden foam cells, we integrated a confocal microscopic set-up into the developed multiplex CARS imaging system, and this newly developed system was used to compare the images obtained by fluorescence and CARS signals from identical sites. We performed whole-mount immunohistochemistry to examine major structural cell markers for endothelial cells (CD31), smooth muscle cells (SMCs) (SM␣A), and macrophages (CD68). After confocal imaging of cell markers, the identical site was imaged by CARS. Then, the level of colocalization between fluorescence and CARS signals was statistically analyzed (Figure 2 ). At the resonance of the symmetrical CH 2 for lipids (2850 cm Ϫ1 ), macrophages (identified by CD68 staining) were found to be the major contributor to the CARS signal, whereas endothelial cells and smooth muscle cells only slightly contributed to the signal (Pearson's correlation coefficients for endothelial cells: Ϫ0.048; SMCs: Ϫ0.01; macrophages: 0.33). This result indicates that the objects in CARS images containing intracellular lipid droplets with a dark nucleus-like void express CD68, the cell marker of macrophages, demonstrating that these objects are lipid-laden foam cells.
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Spatiotemporal Assessment of Atherosclerosis Progression by CARS: The Development of Lipid Crystals
Atherosclerotic Lipid Features Assessed by CARS in Relation to Time
To assess the progression of atherosclerosis using CARS, various levels of atherosclerotic plaques were obtained from ApoE Ϫ/Ϫ mice (nϭ28) fed a high-fat diet for 2 to 20 weeks. As controls, ApoE Ϫ/Ϫ mice fed a normal chow diet were assessed at the same time points. Every other week, we performed en face CARS imaging from the lumen to a depth of 50 to 80 m in mouse aortas ( Figure 3A ). In the 2-and 4-week-old ApoE Ϫ/Ϫ mice, few of the imaged lipid droplets were bound to the extracellular matrix (ECM) in the very superficial layer (Ͻ10 m in the penetration depth). At 6 weeks, the number of lipid droplets was significantly in-creased as compared to the number present at 2 weeks (the number of lipid droplets at 2 weeksϭ420Ϯ255, and at 6 weeksϭ1620Ϯ110 in the total analyzed volume, 250ϫ250ϫ60 m 3 ; PϽ0.05). Notably, extracellular lipid droplets were retained in the ECM up to 30 m in the penetration depth at this time. At 8 weeks, the atherosclerotic lesions exhibited advanced pathological features, such as crystallized lipid structures. Foam cells were imaged only in the superficial intima with the clear cell shape containing intracellular lipids (white arrows). At 10 weeks, the geography of atherosclerotic lipids in a single atherosclerotic plaque showed depth-dependent features: foam cells were distributed in the luminal surface, and extracellular lipids deposits, including crystal structures, were embedded in the deep intima. Additionally, the size of the necrotic core was measured to be 100 to 120 m in lateral diameter in 3D CARS imaging down to Ϸ50 m in depth. At 12 weeks, some lipid droplets were found to be deposited on the well-defined multiple layers of plate-shaped crystallized lipids in the deep intima (blue arrows). However, foam cells were still imaged at the same z-depth (white arrows). At 16 weeks, the necrotic core had enlarged and projected toward the lumen. Its size had increased to Ϸ250 m in diameter. Interestingly, crystallized lipid layers were predominantly imaged. At 20 weeks, the complicated lipid crystals, the complex of multiple layers of plate-shaped lipid crystals, extracellular lipid droplets and some cells entangled with ECM were observed (white dotted line). The progression of atherosclerosis was analyzed by quantifying accumulated lipids at 3 stages depending on the period of high-fat diet consumption: initial (2 to 6 weeks), intermediate (8 to 12 weeks), and advanced (16 to 20 weeks) ( Figure 3B ).
Atherosclerotic Lipid Features Assessed by CARS in Relation to Vessel Geometry
The progression of lipid accumulation was spatially analyzed by 3D CARS imaging. The spatial analysis of lipid accumulation was designed based on the following hypothesis: lesional characteristics might differ across sites in the murine aorta. Disturbed and low laminar flows, both of which are proatherosclerotic, could induce different features of atherosclerotic lipids. 19, 20 Five main sites were examined: the aortic sinus, the lesser curvature of the aortic arch influenced by low laminar shear flow (segment 1), the innominate artery influenced by disturbed flow (segment 2), the left common carotid and left subclavian arteries (segment 3), and the thoracic descending aorta, which is relatively less proatherosclerotic (segment 4). All of these segments were used for spatial analysis (a schematic diagram of the segmentation is shown in the Online Data Supplement). Therefore, the different lipid subfractions for each of the 3 stages were quantified. The results of spatial evaluation are shown in Figure 3B (CARS images for the aortic sinus are shown in Online Figure III) . We observed a significantly increased amount of total lipids in segments 1 and 2 (Pϭ0.001 and Pϭ0.003, respectively). Interestingly, the crystallized lipids were observed in segments 1 and 2, but few crystal lipids were observed in segment 4. The subfraction of needle-shaped lipid crystals was Ͻ1% in all segments (detailed information for lipid subfractions is shown in Online Tables I and II) .
Oil Red O Staining Versus CARS Imaging for the Demonstration of Atheromatous Lipid Crystals
To determine the applicability of CARS to investigate the lipids, we compared images obtained by CARS imaging and oil red O staining, which is the technique commonly used for quantification of lipids in both cross-sectional and en face tissues. The same sections of tissue were sequentially submitted to label-free multiplex CARS examinations and then oil red O staining. When we compared cross-sectional results, the lipid distributions in the CARS and oil red O staining images were similar from a macroscopic viewpoint ( Figure  4 ). However, the lipid crystals in the CARS images did not completely match the cholesterol clefts observed in the oil red O staining images. The 3 inserted boxes in the oil red O staining image ( Figure 4A ) correspond to CARS images ( Figure 4B through 4D) as indicated. The lipid crystals in Figure 4C and 4D were clearly imaged by CARS, whereas they were displayed as empty imprints in oil red O staining. We also compared the results from en face CARS imaging to conventional oil red O staining. En face oil red O staining provided quantitative information regarding total accumulated lipids (Online Figure IV) , whereas CARS imaging was complementarily used to provide microscale z-stack images of lipid distribution. Figure 4E shows 3D reconstructed CARS images with 4 representative serial z-stack images from the superficial (foam cell layer located at a depth of 3 m) to the deep intima (plate-shaped lipid crystals located at a depth of 29 m; Online Video II, corresponding to Figure 4E ). 
Chemical Profiling Analysis of Imaged Atherosclerotic Lipids Using Multiplex CARS
Chemical differences between the 4 categories of atherosclerotic lipids were further investigated by wideband multiplex CARS covering the entire CH vibrational region. After completing fast imaging of the 3D morphologies of lipids, the spectra of the imaged atherosclerotic lipids were simultaneously acquired from the point of interest (analyzing volume: 0.4ϫ0.4ϫ1.5 m 3 ) on the atherosclerotic lesions. Figure 5 shows the normalized CARS spectra from the 4 types of lipids as well as the surrounding ECM, which was included as a nonlipid control. The spectra of both extracellular lipid droplets in the ECM and intracellular lipid droplets from lipid-laden foam cells exhibited one main peak resonating at the symmetrical CH 2 vibration, 2850 cm Ϫ1 . The chemical profile of the plate-shaped lipid crystal, however, was significantly different from that of lipid droplets, because it exhibited 3 extra peaks at 2870, 2910, and 2950 cm Ϫ1 on the CARS spectrum. The extra peaks were assigned as CH 2 asymmetrical, CH 3 symmetrical, and CH 3 asymmetrical vibrations, respectively. Conversely, the needle-shaped crystallized lipids showed weaker peaks at 2910 and 2950 cm Ϫ1 as compared to the spectra of plate-shaped lipid crystals. The resulting spectra were highly reproducible based on the appearance of the lipid, irrespective of their depth (total number of sites analyzed, nϭ187 and total mice, nϭ9).
The Effects of Statins on the Phasic Changes of Atherosclerotic Lipids Demonstrated by Multiplex CARS
To address the potential applications of multiplex CARS spectra analysis, we attempted to examine the changes in atherosclerotic lipids that occurred after statin therapy. The accumulated lipids in both statin-treated (40 mg/kg of simvastatin every other day for 8 weeks) and nontreated high-fat, high-cholesterol (HFHC)-fed ApoE Ϫ/Ϫ mice were assessed. The accumulated lipids in the aortic sinus of statin-treated mice were decreased compared to the nontreated group, confirmed by cross-sectional oil red O staining (PϽ0.05, Online Figure V) . The amount of lipids in the aorta, however, In contrast to the unaltered morphologies, the chemical profiles of lipids were changed. For a qualitative assessment, the chemical profiles of 4 subtypes of aortic lipids were analyzed by multiplex CARS. The increased ratio between the asymmetrical (2870 and 2950 cm Ϫ1 ) and symmetrical peaks (2850 and 2910 cm Ϫ1 ) shows the more solidified phases of lipid. Interestingly, the spectra of needleshaped and plate-shaped lipid crystals exhibited attenuated peaks at 2870, 2910, and 2950 cm Ϫ1 in statin-treated group compared to nontreated group (Figure 6 ). This result implies that the crystallized lipids are less solidified than in the nontreated group. These spectral differences were confirmed by analysis of multiple independent points (nϭ105 for 5 mice in nonmedicated group and nϭ70 for 4 mice in simvastatintreated group).
Discussion
Here we report a multiplex CARS spectroscopic imaging that allows the simultaneous use of label-free lipidselective imaging and chemical profiling. Using the system we developed, we identified the distinct chemical profiles of 4 categories of atherosclerotic lipids (intracellular/ extracellular lipid deposits and needle-/plate-shaped lipid crystals). This is the first report in which ex vivo lipid crystals have been imaged by CARS with simultaneous chemical profiling analysis, rather than by in vitro or dissection imaging using polarized light microscopy. 8, 21 The representative CARS images of atherosclerotic lipids were validated by whole-mount immunohistochemistry, showing the potential of CARS to image lipid-laden macrophages in a label-free manner. Additionally, we demonstrated the superiority of this methodology in comparison to oil red O staining. The CARS technology was applied to assess the spatial and temporal progression of atherosclerosis. We also demonstrated the statin effect on plaque stability by analyzing the changes in lipid phase (from solid crystal to liquid phase). Of note, multiplex CARS is able to early monitor chemical profile changes induced by medication before quantitative decreases in atherosclerotic lipids can be observed. The imaging of atherosclerotic lesions based on multimodal nonlinear microscopy has been previously attempted. 17 Label-free lipid histological analysis was performed on cross-sectional tissue specimens using single Raman-shift CARS imaging, where TPAF was additionally necessary. Wang et al recently reported the quantitative analysis of different types of atherosclerotic lesions by CARS-based multimodal nonlinear optical microscopy. 22 To assess atherosclerotic lesions, collagen and elastin components were visualized through sum-frequency gen- eration and TPAF, respectively, and lipids were observed by CARS at a single Raman shift. Atherosclerotic lipids present in various types, however, should be characterized in detail for better understanding of atherogenesis. Particularly lipid crystals, as a key marker of advanced lesions, need to be assessed with the knowledge how they are chemically different with other lipids. This can be accomplished by analyzing the chemical profiles using multiplex CARS. In previous studies, spectral CARS measurements have been carried out by stepwise tuning of the Raman shift one by one. 15 However, many biomedical applications requiring prompt tissue examination would significantly benefit from the multiplex CARS technique, which allows single-shot acquisition of vibrational spectra. To date, it would be best to combine the point-wise multiplex technique with fast full-field CARS imaging to provide a wealth of chemical information correlated with pathophysiological anatomy.
The microanatomical components imaged by CARS were corroborated by whole mount immunohistochemical analysis. The cellular shape of intracellular lipid droplets with a dark void in the center, presumably a nucleus, obtained from CARS imaging positively overlapped with CD68, the cellular marker of macrophages, thereby suggesting that these structures were lipid-laden foam cells. However, we encountered an unexpected complication, in that the CARS images of lipid-laden foam cells were not identically generated after tissue fixation of the same tissues for whole mount immunohistochemical analysis. It is possible that the process of tissue fixation during whole mount immunohistochemistry uses molecular crosslinking, which disturbs the original molecular structures contained in that tissue specimen.
The multiplex CARS lipid analysis was used to assess the progression of atherosclerosis from initial to advanced stages (Figure 3 ). In the initial stage, subendothelial lipid retention (Ͻ10 m in depth) was observed with significantly increased number of lipid droplets in ECM at 6 weeks, suggesting that this might be a critical time point in the progression of atherosclerosis. In the advanced stages of atherosclerosis, however, the plate-shaped lipid crystals were dominantly imaged in the shape of multiple vertical stacks. Interestingly, several foam cells exhibiting morphological characteristics of SMCs were observed in advanced plaques, which could be explained by transdifferentiation via lipid uptake by SMCs (Online Figure  VI) . 23, 24 To understand the correlation between extracellular lipid deposition and cell death, we performed an apoptosis assay and observed that the apoptotic cells were distributed around the liquid phase of extracellular lipids, rather than around the crystallized lipids (data not shown). Additionally, we found that the type of accumulated lipids were dependent on the vessel geometry by spatial and temporal analysis. As the progression continued, the total accumulated lipids were significantly increased in both the lesser curvature of the aortic arch (segment 1) and the innominate artery (segment 2). Interestingly, the increased fraction of plate-shaped lipid crystals in segment 2 may reveal the site-specificity of atherosclerosis. However, this study may have some limitations to reflect the progression of atherosclerosis as a chronic disease, because the high fat diet feeding has started from young ages (8 weeks).
The role of lipid crystals as significant markers of advanced atherosclerotic lesions has been underestimated, possibly because of limitations in the methods available for investigation atherosclerotic lipids. 8 Even though oil red O staining is the most popular method used to study histological lipids, some limitations remain: 1) a lack of chemical selectivity and 2) the inability to image locations in which cholesterol crystals used to be, which are displayed by empty imprints called cholesterol clefts. To test the applicability of a multiplex CARS imaging system for overcoming these limitations, we compared the CARS Figure 5 . Chemical profiles of 4 representative types of atherosclerotic lipids analyzed by multiplex CARS. Spectra collected from 187 of independent sites in 9 atherosclerotic mice. Each CARS spectrum was normalized to have the maximum intensity of 1 and shifted vertically. The spectrum of the ECM was magnified ϫ10 to allow comparison with the others. The insets are representative CARS images that correspond to the respective spectra. The blue cross in the inset is the site where we performed point-wise multiplex CARS measurement. Note that the gray lines and shadow regions indicate the area of significant changes of molecular vibrations. S-CH 2 indicates symmetrical CH 2 ; A-CH 2 , asymmetrical CH 2 ; S-CH 3 , symmetrical CH 3 ; A-CH 3 , asymmetrical CH 3 .
imaging results with those of oil red O staining from both cross-sectional and en face tissue specimen analysis (Figure 4 ). For the cross-sectional imaging, the distribution of lipids macroscopically overlapped between CARS and oil red O staining. In the microscopic images, however, the lipid crystals were differentially imaged: both needleshaped and plate-shaped lipid crystals were clearly imaged by CARS, whereas on oil red O staining, it was not possible to morphologically discriminate between these 2 types of lipid crystals. This can be explained by the procedure of oil red O staining, which includes the use of strong solvents to dissolve the lipid crystals, leading to underestimation of the lipid content. Because the quantification of lipid content produced by en face oil red O staining is based on the area of colorimetric signal obtained from 2D images, the multiple layers of accumulated lipids in the vessel can be counted as a single area, possibly leading misevaluation of the lipid content on microscopic analysis. However, oil red O staining is still considered as a practical method to quantify total lipids in the macroscopic scale, whereas CARS can provide the microscopic information of intact samples. Therefore, both imaging methodologies can complement each other for accurate evaluation.
In the present study, en face 3D CARS images of individual atherosclerotic plaques showed microanatomic features with depth-dependent distribution: foam cells in superficial layer and lipid crystals in the deep intima, which is consistent with previous reports. 25 In addition, we verified distinct chemical profiles associated with the 4 types of atherosclerotic lipids via multiplex CARS, implying that lipid crystals underwent various types of biochemical modifications during the progression of atherosclerosis. Among 4 types, lipid droplets exhibited a single dominant resonance at the symmetrical CH 2 vibration point (2850 cm Ϫ1 ), whereas needle-and plate-shaped lipid crystals showed additional peaks at 2870 and 2910 cm Ϫ1 , respectively. These spectral differences reflect different states of lipid including liquid, liquid crystal, and solid crystal. 9 This is because, in Raman spectroscopy, the ratio of asymmetrical to symmetrical CH 2 vibrations (2870 and 2850 cm Ϫ1 , respectively) indicates the ordering of polymethylene chains, with a higher ratio corresponding to highly ordered methyl chains. In Figure 5 , the ratio of asymmetrical/ symmetrical CH 2 of lipid droplets was the lowest, meaning that lipids were in the liquid phase, whereas needle-shaped and plate-shaped lipid crystals exhibited higher ratios than droplets (plate-shapedϽneedle-shaped), corresponding to an ordered phase such as a solid or gel. In addition, the increased ratio of symmetrical CH 3 /CH 2 (corresponding to bands 2910/ 2850 cm Ϫ1 ) in plate-shaped and needle-shaped lipid crystals (plate-shapedϾneedle-shaped) indicated that these regions had higher protein contents, because CH 2 groups are less frequent in amino acids side chains than in lipids. 15, 26 Therefore, these spectral results suggest that atherosclerotic lipids undergo physiochemical transformation from liquid to solid and from pure lipid to various posttranslationally modified lipids during the progression of atherosclerosis. It is also noteworthy that the presence of lipid crystals in the solid state may enhance plaque vulnerability by inducing a nonuniform mechanical stress distortion in an atherosclerotic plaque, leading to ECM fracture. 21, 27 We extensively applied a distinguishing feature of CARS to monitor chemical profile changes of atherosclerotic plaques by testing the effects of statin therapy on atherosclerotic lipids ( Figure 6 ). The pleiotropic role of statins on plaque stabilization has been reported by various approaches based on antiinflammatory function, 28, 29 an overall reduction of lipids, 30 or decrease of matrix metalloproteinases. 31, 32 The plaque composition changes seen following statin therapy have been studied by Raman microscopy, showing a decrease in atherosclerotic plaque size. 33 These studies, however, have not demonstrated how statins directly alter lipid crystals, thereby stabilizing adverse components of stable plaques. We demonstrated that the chemical profiles of lipid crystals were changed by statin therapy using multiplex CARS. After 8 weeks of simvastatin therapy, the chemical profiles of both types of lipid crystals had changed, with attenuated peaks observed at 2870, 2910, and 2950 cm Ϫ1 , which could be interpreted as lipid phase changes and changes in protein content. This means that statin-treated lipid crystals were less solidified and had lower protein contents than nontreated atherosclerotic ones. These results can be supported by the previous report that the inhibition of posttranslational lipid modification is one of the pleiotropic effects of statins. 28, 34 It is noteworthy that the effect of statins was screened at the early stage qualitatively. In terms of future clinical applications, CARS may be a promising clinical diagnostic tool that could be used in combination with catheter-based endoscopy, 35, 36 to improve the current limited penetration depth and allow in vivo chemical assessment.
In this report, we clearly demonstrate that a multiplex CARS spectroscopic imaging system can be effectively used as a novel label-free biochemical imaging methodology for investigation of ex vivo atherosclerotic lesions to allow more chemical details on important lipids. It can also potentially be used for preclinical drug screening.
